ABSTRACT: RNA function is dependent on its structure, yet three-dimensional folds for most biologically important RNAs are unknown. We develop a generic discrete molecular dynamics-based modeling system that uses long-range constraints inferred from diverse biochemical or bioinformatic analyses to create statistically significant (p < 0.01) nativelike folds for RNAs of known structure ranging from 45 to 158 nucleotides. We then predict the unknown structure of the hepatitis C virus internal ribosome entry site (IRES) pseudoknot domain. The resulting RNA model rationalizes independent solvent accessibility and cryo-electron microscopy structure information. The pseudoknot domain positions the AUG start codon near the mRNA channel and is tRNA-like, suggesting the IRES employs molecular mimicry as a functional strategy.
Critical RNA structures directly regulate gene expression, splicing, and translation (1) , but the structures of most biologically important RNA folds are currently unknown. Recent studies highlight significant successes in ab initio structure prediction of local helical structure and of small RNA motifs (2). However, the ability of current approaches to predict RNA structure accurately decreases rapidly with increasing RNA size. De novo prediction of large RNA structures with complex, nontrivial, three-dimensional folds from sequence alone remains beyond the realm of current automated algorithms. A compelling alternative is to develop modeling methods for facile incorporation of readily obtained experimental information.
Long-range constraints for RNA modeling can be inferred from a variety of biochemical and bioinformatic techniques, ranging from chemical footprinting and cross-linking to sequence covariation (3). Algorithms devised thus far are making significant progress toward the goal of incorporating specific classes of tertiary structure information into RNA structure refinement (4). However, current refinement approaches still make large assumptions about the nature of the constraint information used and are closely tied to the specific techniques employed to infer long-range interactions.
To address these challenges, we develop a generic and efficient approach for accurately predicting RNA folds using tertiary structure information as inferred from diverse biochemical or bioinformatic techniques. Distance constraints are incorporated into a discrete molecular dynamics (DMD) engine (2b) that uses a single refinement approach for all classes of tertiary structure constraint information. RNA nucleotides are represented as three pseudoatoms corresponding to the phosphate (P), sugar (S), and base (B) moieties ( Figure 1A ). Three pseudoatoms are sufficient for the development of nucleotide-resolution RNA models with rigid base-paired helices and physically meaningful base stacking interactions, while still allowing large RNAs to be refined efficiently.
Inferred pairwise tertiary constraints are incorporated via a generic constraint system that uses a potential well with an effective length of 15.0 Å and a depth of 2.0 kcal/mol between base pseudoatoms ( Figure 1B ). This constraint system is compatible with techniques that do not directly provide distance information but instead merely imply pairwise interactions, as with mutational studies.
Four RNAs were selected to benchmark constrained structure refinement: domain III of the cricket paralysis virus internal ribosome entry site (CrPV) (49 nucleotides), a full-length hammerhead ribozyme from Schistosoma mansoni (HHR) (67 nucleotides), Saccharomyces cerevisiae tRNA Asp (75 nucleotides), and the P546 domain of the Thermus thermophilia group I intron (P546) (158 nucleotides). Each of these RNAs has a complex three-dimensional fold dependent both on local helical structure and on long-range tertiary interactions. Prior to publication of the high-resolution structures (5), significant biochemical or bioinformatic data describing tertiary interactions were available for each RNA. The secondary structure was also known with good accuracy in each case. Only this prior information (Table S1 of the Supporting Information) was used during refinement.
A single generic and completely automated refinement protocol was applied to each RNA. Simulations begin with the RNA strand in an extended conformation at a high temperature. Constraints based on the secondary structure are included, and the molecular system is annealed to allow helices to form. Constraints for inferred tertiary interactions are incorporated, and the RNA is cooled to a final target temperature. RNA structures from this step (100000) are subjected to automated clustering. The centroid of the most populated cluster is selected as the final predicted structure. Given our refinement model, this structure is representative of the lowest-free energy state.
Refined models for all four test RNAs are accurate ( Figure 2 ). The root-mean-square deviations (RMSDs) of the phosphate backbone relative to the accepted structures for the CrPV, HHR, tRNA Asp , and P546 RNAs were 3. 6, 5.4, 6.4, and 11.3 Å , respectively . Analysis of the RNA structure prediction significance (p value) (6) shows that the probabilities that these models result from chance are small (2 Â 10 , and e10 There are two critical results from this analysis of RNAs with known structures. First, nativelike RNA folds were obtained in every case despite the diversity of structural information used to constrain refinement (Table S1 of the Supporting Information). Second, prediction quality was maintained as RNA size increased from a 49-nucleotide pseudoknot to a 158-nucleotide RNA domain with a complex tertiary structure (Figure 2 ).
Our approach compares favorably to other coarse-grained RNA modeling approaches. Folds for tRNA Phe and the P546 domain have been predicted with the program NAST in which each RNA nucleotide is represented by a single pseudoatom (4d ). NAST modeling was constrained using structure information similar to that used in our refinements. Of the resulting models, the most accurate had RMSDs relative to the accepted structure of 8.0 and 16.3 Å for tRNA and P546, respectively, whereas our approach yields smaller RMSDs of 6.4 and 11.3 Å , respectively. NAST simulations used 300 h per RNA, as compared to 18-40 real-time computing hours for the DMD-based refinements (Figure 2 ). These comparisons highlight both the accuracy and efficiency of our constrained DMD approach.
Having shown that this fully automated approach recapitulates nativelike folds for diverse, well-characterized RNAs, we sought to apply this algorithm to an RNA for which extensive biochemical information exists but whose structure is unknown. We focused on the pseudoknot domain in the hepatitis C virus (HCV) internal ribosome entry site (IRES).
IRES elements bypass canonical cap-dependent eukaryotic translation initiation by directly recruiting ribosomes to internal sequences in a mRNA (7). Structural studies have significantly improved our understanding of functional mechanisms of IRES elements (5d, 8). High-resolution structures are available for many elements of the HCV IRES (9); however, the threedimensional fold for the pseudoknot domain (HCV-PK) has not been determined. The pseudoknot domain consists of a pseudoknot at the base of domain III (dIII) and its flanking structures ( Figure 3A) . Mutation of the pseudoknot inhibits translation initiation in HCV replication (10). Compensatory mutations that restore the pseudoknot do not always restore HCV translation activity, suggesting that sequence conservation is required for functions beyond base pairing. The pseudoknot domain contains the AUG start codon for translation of the HCV polypeptide (yellow in Figure 3A ). Solvent accessibility experiments show the pseudoknot domain is the most highly structured element in the IRES (11) . Extensive available biochemical information and intense biomedical interest make the HCV-PK RNA an ideal candidate for deriving biological insights based on structural modeling.
A three-dimensional model for the HCV-PK domain RNA was refined using the same fully automated folding algorithm as for the four test RNAs. Base pairs in the pseudoknot were modeled as generic tertiary constraints.
The predicted HCV-PK structure is dominated by two structural features ( Figure 3B ). The first is the four-way junction comprised of stems at the base of dIII (red and purple), dIIIe (cyan), and dIIIf (blue). The second consists of base stacking interactions between the pseudoknot (blue) and dIV (green). The nucleotide linkages between these two motifs are short and lock the dIV helix in a conformation perpendicular to the plane described by the helices of the four-way junction.
Two classes of independent experiments support the proposed structure for the HCV-PK RNA. First, the predicted tight RNA folding in the four-way junction and pseudoknot is supported by protection from hydroxyl radical cleavage, indicative of solvent inaccessible regions of the RNA backbone (11) . Solvent inaccessible regions fall precisely in the interior of the four-way junction and at the interface of this element with the pseudoknot (red and yellow spheres in Figure 3D) .
Second, the HCV-PK model is consistent with cryo-EM electron density maps of the IRES-ribosome complex. Our model of the HCV-PK is that of the uncomplexed IRES, and conformational changes occur in both the ribosome and IRES when the IRES interacts with ribosomal subunits and translation initiation factors (12). For example, domain IV likely unfolds to allow positioning of the start codon in the P-site (13) (see the Supporting Information). Nevertheless, the core of our model fits well in the density assigned to the pseudoknot domain in the cryo-EM electron density maps of the IRES-ribosome complex (12b ). The critical correlations are that dII and dIII (orange and purple, respectively, in Figure 3C and Figure S1 of the Supporting Information) are positioned to connect sensibly with the rest of the IRES, and the perpendicular orientation of the pseudoknot (blue) allows the AUG start codon in dIV (yellow in Figures 3C and 4 ) to be positioned in or near the mRNA channel. Our HCV-PK model also fits well with high-resolution IRES structures positioned in the cryo-EM density ( Figure S2 of the Supporting Information).
Several functional hypotheses are consistent with the predicted model. First, the HCV-PK RNA is L-shaped, similar to tRNA, and can be aligned with yeast tRNA Asp (not shown). Formation of a tRNA-like structure is consistent with biochemical studies showing that the HCV IRES is cleaved by the tRNA-recognizing ribonuclease RNase P (14). tRNA mimicry also rationalizes the presence of a seven-nucleotide loop at the end of domain IV, a structural feature that is generally uncommon in RNA but present in the anticodon loops of most tRNAs.
A recent structural study also yielded evidence of tRNA mimicry in domain III of the CrPV IRES (5d ). Though the HCV-PK model and CrPV experimental structure have distinct folds, both support tRNA mimicry as a common strategy employed by IRES structures and are consistent with extensive examples of tRNA mimicry in biologically diverse RNAs (15) .
Second, the perpendicular orientation of the pseudoknot relative to the four-way junction may function to position the AUG start codon for translation initiation. In cryo-EM maps of both the 40S-and 80S-IRES complexes, density corresponding to the pseudoknot domain is adjacent to the channel occupied by the mRNA template during translation (12). Thus, dIV and, specifically, the AUG start codon will be positioned near the ribosome mRNA exit site.
These observations support a model in which the IRES pseudoknot domain docks initially near the ribosome exit channel, facilitated by its tRNA-like structure (Figure 4, left) . Our model suggests additional conformational changes are required in the IRES and ribosome for the AUG start codon to fully occupy the mRNA channel. A modest unfolding of the dIV helix would then allow this element to serve as the mRNA template for translation of the HCV polyprotein (Figure 4, right) .
RNA structure refinement using inferred constraints consistently yields nativelike models for RNAs spanning 49-158 nucleotides. This approach does not require a specific optimized form for the long-range constraints but does require knowledge of throughspace tertiary interactions. The success of this approach implies that knowledge of only a few long-range constraints is sufficient to refine accurate folds for many RNAs with complex structures.
The HCV-PK domain model rationalizes substantial preexisting biochemical information for this RNA and provides specific and novel functional insights useful for guiding future hypotheses and experiments. RNA structure refinement using inferred constraints holds significant promise for understanding the functions of many biologically important RNAs whose analysis is recalcitrant to high-resolution approaches.
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